Type 1 diabetes can have an impact on brain structure and function, especially in cases of poor glycemic control (i.e., high level of glycated hemoglobin [HbA 1c ]) over the long term (1, 2) . Thus, compared with healthy control subjects, young to middle-aged adults with type 1 diabetes show a modest but significant cognitive decline (2) , and this can affect their quality of life. Neurophysiological or hemodynamic abnormalities in the central nervous system may occur before the clinical appearance of other diabetes complications (3, 4) and before development of neurological dysfunction (5) .
Evidence of impaired cerebral vasoreactivity (6) (i.e., change in cerebral blood flow in response to a vasodilatory stimulus) in patients with diabetes has arisen from studies using pharmacologically induced hypercapnia. In these studies, the increase in regional (5) or middle cerebral artery (7) blood flow following acetazolamide injection (5), carbon dioxide inhalation (4), or propofol anesthesia hypoventilation (7) was blunted. This sometimes occurred even in patients with no clinical evidence of vascular complications (4) .
The impairment in cerebral vasoreactivity appears all the more marked in cases of high HbA 1c levels (7), which is not surprising considering the deleterious effect of chronic hyperglycemia on endothelial function (8) . In addition, high HbA 1c levels usually reflect inadequate current insulin supply or action, which might impair cerebral vasodilation (9) and metabolism (10, 11) , although these effects remain controversial (12) (13) (14) (15) . Remarkably, compared with baseline cerebral perfusion measurement, regional cerebrovascular reactivity to vasodilatory stimuli like hypercapnia has been shown to be more sensitive for detection of subclinical ischemic-induced irregularities (5) . In this respect, short bouts of exercise represent an everyday life physiological stimulus during which regional blood flow also undergoes specific adaptations in response to neural activity (16) and exercise-linked dilatory stimuli (e.g., hypercapnia) (17) . In particular, the prefrontal cortex, which is greatly involved in the planning of voluntary movement (18) , is an important area of exercise-induced increase in blood flow (18) .
Cerebral hemodynamic and oxygenation responses to an exercise stimulus remain unstudied in clinically uncomplicated patients with type 1 diabetes and according to their degree of long-term glycemic control. This response all the more merits further attention considering that regular exercise is strongly encouraged in type 1 diabetes care, particularly for its beneficial effects on long-term glycemic control. Therefore, the purpose of this study was to examine prefrontal cortex hemodynamics and oxygenation during maximal incremental exercise in either adequately or poorly controlled patients with type 1 diabetes but free from overt microangiopathy compared with matched healthy control subjects.
RESEARCH DESIGN AND METHODS
Written informed consent was obtained from all participants before their inclusion in the study, which was approved by the North-Western IV Regional Ethics Committee (N8EudraCT:2009-A00746-51). Eighteen patients aged 18-40 years with type 1 diabetes for at least 1 year and free from vascular complications volunteered to participate in this study ( Table 1 ). The absence of microvascular (retinopathy, nephropathy, neuropathy) and macrovascular (hypertension, coronary disease, peripheral arteriopathy) complications was carefully checked by the clinician during the initial examination. The patients were then divided into two groups according to their HbA 1c levels measured at inclusion: a group with adequate glycemic control (T1D-A) (n = 8; HbA 1c ,7.0% [53 mmol/mol] [i.e., 6.8 6 0.7% (51 6 7.7 mmol/mol) the day of the test]) and a group with inadequate glycemic control (T1D-I) (n = 10; HbA 1c .8% [64 mmol/mol] [i.e., 9.0 6 0.7% (75 6 7.7 mmol/mol) the day of the test]). Two control groups, CON-A and CON-I, comprising healthy subjects aged 18-40 years were recruited to strictly match the T1D-A and T1D-I groups, respectively.
Selection Process of the Healthy Control Subjects
Healthy subjects were selected from a list (n = 250) drawn up from patients' friends and contacts. Each healthy control subject was chosen to strictly 
Statistical Analyses
Results are reported as mean 6 SD except where otherwise indicated. Normality was tested using Shapiro-Wilks test. Demographic, anthropometric, and aerobic fitness data were compared between patients with type 1 diabetes and healthy control subjects with the Wilcoxon matched pairs test. NIRS data, arterialized oxygen transport, and blood factors able to alter prefrontal cortex hemodynamics were compared between patients with type 1 diabetes and their respective control subjects using a two-way ANOVA (group 3 exercise) with repeated measures on both factors. The group effects corresponded to T1D-A versus CON-A and T1D-I versus CON-I. For NIRS and PETCO 2 data, the exercise effect corresponded to relative intensity levels 210%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of VO 2max , and for other data, they corresponded to rest and maximal exercise. If significant main effects and/or interactions were observed with ANOVA, Bonferroni post hoc pairwise comparisons were applied. P , 0.05 was 
RESULTS

Subject Characteristics
Demographic and physical activity data from patients with type 1 diabetes and their matched healthy control subjects are summarized in Table 1 . Because of the possible effect of physical activity level on cerebral perfusion, we took care to closely match each patient with a healthy control subject, taking into account the usual demographic data as well as the exact levels of physical activity (determined by accelerometry). T1D-I had a lower VO 2max than CON-I (Table 2 ) despite comparable levels of habitual physical activity as well as comparable heart rates achieved at exhaustion. No significant difference in VO 2max was observed between T1D-A and CON-A.
Prefrontal Cortex Hemodynamics and Oxygenation
THb increased significantly in patients and control subjects throughout the exercise test (Fig. 1) . However, the levels of THb as well as the slope of THb increase were lower in T1D-I than CON-I, particularly at exercise intensities .60% of VO 2max . In contrast, no differences were found in THb between T1D-A and CON-A.
O 2 Hb increased significantly with exercise intensity in all the groups, and no intergroup differences appeared between patients with type 1 diabetes and their respective control subjects. HHb increased significantly in patients and control subjects throughout the exercise test. However, the slope of HHb increase was lower in T1D-I than CON-I, whereas no differences appeared between T1D-A and CON-A. The use of absolute workload instead of relative intensity for the exercise effect in the ANOVAs did not change the NIRS results.
Factors That May Alter Prefrontal Cortex Hemodynamics and Oxygenation
Arterial O 2 Content CAO 2 and its components ([hemoglobin], SAO 2 , PAO 2 ) did not differ between T1D-I and CON-I during exercise (Table 2) . T1D-A had higher CAO 2 than CON-A, which could be explained by higher hemoglobin concentrations.
Exercise-Influenced Metabolic Vasoactive Stimuli
In all the groups, PETCO 2 increased during light and moderate exercise intensities and thereafter decreased until exhaustion to achieve lower levels than at baseline (Fig. 2) . Likewise, PACO 2 was lower at maximum exercise compared with rest. There were no intergroup differences in PACO 2 and PETCO 2 throughout exercise. pH decreased and [K + ] increased significantly with exercise intensity in all the groups, without intergroup differences.
Diabetes-Influenced Metabolic Variables
Plasma glucose concentrations increased during exercise in all the groups, with higher levels at exhaustion in T1D-I. The latter was not accompanied by higher hematocrit levels, thus excluding the possibility of a concomitant higher dehydration (22) . None of the patients with type 1 diabetes became hypoglycemic during exercise.
There were no intergroup differences in free insulin levels and changes during exercise. However, intraindividual variability was larger in patients with type 1 diabetes than in healthy control subjects.
CONCLUSIONS
There is increasing evidence that the brain may be susceptible to the effects of hyperglycemia. Altered cerebral function (2), structure (1), and metabolism (11) and hemodynamics (6,7) have been demonstrated in patients with type 1 diabetes, especially in those with high HbA 1c levels (1,2,7). In line with the latter studies, we observed that an increase in regional cerebral blood volume (i.e., THb) was blunted at moderate to high intensities of exercise in patients with inadequate glycemic control despite the absence of any clinically detectable vascular complications. Considering recommendations of physical activity as a crucial component in diabetes care, the current results are of concern for poorly controlled, albeit still uncomplicated patients at risk for longterm cognitive decline.
Prefrontal Cortex Blood Volume During Exercise
We observed a significant increase in prefrontal cortex blood volume in patients with adequate glycemic control and both groups of healthy subjects as a function of mild-to moderateintensity exercise. A reasonable explanation for this is that elevation of PACO 2 (as reflected by PETCO 2 ) during light and moderate exercise intensities resulted in cerebral vasodilation and, hence, increased regional blood volume (17, 19) . The fact that the decrease in PACO 2 and PETCO 2 at maximal exercise did not elicit a reduction in THb appears common in healthy, aerobically trained individuals, although the underlying mechanisms remain hypothetical (21).
Of particular note, we found that the increase in blood volume was (23) in poorly controlled patients with type 1 or type 2 diabetes, among whom some suffered from a background of diabetic retinopathy and/or from autonomic neuropathy. Albert et al. did not find differences in middle cerebral artery and ophthalmic artery velocities between patients and healthy control subjects in response to incremental submaximal exercise. The current study, in a homogeneous and well-characterized sample of uncomplicated patients with type 1 diabetes, suggests that the physiological condition of maximal exercise was sufficient to induce an alteration in regional cerebral perfusion in cases of poor glycemic control.
However, the integrity of cerebrovascular reactivity of this brain region appears clinically important. The prefrontal cortex plays a major role in executive functions and, in conjunction with the hippocampus, in memory formation and retrieval. The adequate increase in its perfusion is considered a guarantee of normal short-term improvement in cognitive performance (9) . Although the patient's inability to adequately increase cortical blood flow in response to short bouts of exercise would probably not be reflected in clinical symptoms in the short term, this limitation might become problematic in the long term while undertaking strenuous exercise programs for many years. Incidentally, executive functions, which highly depend on prefrontal cortex functioning, are significantly impaired by the so-called "diabetes-associated cognitive decline," and this is especially common in patients with HbA 1c .8% (2). In line with this, the prefrontal cortex appears to be one of the brain areas showing microstructural abnormalities in elderly people with diabetes (24). Moreover, a decreased cerebral blood flow in this region correlated with neuropsychological deficits (25) , microangiopathy dementia (26) , and retinopathy (12) .
Thus, from a clinical perspective, it appears worthwhile to take into consideration and try to understand this relative exercise-induced prefrontal cortex hypoperfusion observed in the current poorly controlled, albeit uncomplicated, patients. During a bout of exercise, several factors may explain a reduction in cerebral THb increase. First, the increase in PACO 2 during low to moderate exercise intensities is one of the major stimulators of exercise-induced brain regional vasodilation (17) . We found comparable levels in PETCO 2 and PACO 2 in patients with type 1 diabetes and their matched healthy control subjects throughout exercise. However, the reactivity of cerebral vessels to CO 2 has been shown to be noticeably altered in patients with type 1 diabetes (5,7) . Further studies coupling CO 2 inhalation and exercise would help to verify the putative involvement of a decrease in PACO 2 sensitivity in the observed dysregulation of exerciseinduced cerebrovascular adaptation. Second, the altered hemodynamic response under the condition of exercise in the current poorly controlled patients with long-standing type 1 diabetes may underline the presence of endothelial dysfunction and functional alterations of the microcirculation (8) . In a study by Fülesdi et al. (12) , patients with a longer duration of type 1 diabetes had a lower cerebrovascular reactivity to acetazolamide but experienced more microvascular complications. The current study confirms that cerebral endothelial dysfunction response to vasodilatory stimuli might occur even before overt microangiopathy in cases of chronic hyperglycemia and long diabetes duration. Ultimately, the possible influence of actual circulating glucose and free insulin levels on cerebral hemodynamics merits consideration (14) . Although the role of circulating insulin on endotheliumdependent vasodilation is well-established in the periphery (27) , its central effect appears more controversial (12) (13) (14) . In the current study, although free insulin levels were not significantly different between groups, their ranges were much larger in patients than control subjects. This illustrates the important fluctuation of peripheral insulin in response to insulin therapy depending, among other reasons, on degree of insulin resistance. The maximum free insulin level among patients in the current study (156.1 mU z L 21 ) remains, nonetheless, lower than that obtained by Cranston et al. (14) in patients with type 1 diabetes at rest during euglycemic-hyperinsulinemic clamp, which altered neither total nor regional (including prefrontal cortex) brain perfusion. These results suggest that brain vessels are not sensitive to high insulin concentrations in the physiological range, at least when euglycemia is maintained. However, this is no longer valid when hyperinsulinemia triggers hypoglycemia (28) , an adverse event that did not occur in the current study. Acute short-term hyperglycemia was, nevertheless, observed at the end of exercise in 3 of the 10 poorly controlled patients (10.7, 12.7, and 13.0 mmol z L
21
). Controversies exist about the effect of acute hyperglycemia, as mimicked by 2-3 h of 15 mmol z L 21 hyperglycemic clamp, on cerebral blood flow in healthy humans. This hyperglycemia either decreased resting cerebrovascular reactivity to CO 2 (29) or increased resting middle cerebral artery blood flow (30), whereas it did not alter middle cerebral artery blood flow during 10-min rhythmic handgrip exercise (31) . Considering the latter results, the acute hyperglycemia, present only in a small proportion of the current patients, was probably not involved in the observed relative hypoperfusion in response to maximal exercise.
Prefrontal Cortex Oxygenation During Exercise
Exercise-induced regional O 2 Hb changes have been accepted to depend on changes in regional cerebral blood flow (32), CAO 2 (33) , and neuronal oxygen extraction (21). Thus, in cardiac patients, smaller or even negative changes in O 2 Hb were explained by prefrontal cortex hypoperfusion during incremental exercise (34) . However, in the current study, we observed comparable O 2 Hb, despite the blunted THb increase in T1D-I compared with CON-I. This absence of an intergroup difference in O 2 Hb despite the lower THb response could not be explained by an enhanced arterial O 2 transport (33), given that CAO 2 levels were comparable between T1D-I and CON-I. Therefore, we can raise the hypothesis that the maintenance of normal O 2 Hb despite the blunted THb is attributable to a lower exercise-induced increase in neuronal oxygen extraction, as actually reflected by the blunted HHb increase in the T1D-I group. In contrast, in accordance with literature in healthy subjects (21), CON-I, CON-A, and T1D-A showed a great HHb increase during hard to very hard exercise intensities, probably partly attributable to arterial acidosis (Table 2) facilitating hemoglobin oxygen release. The blunted HHb increase in T1D-I might be favored by two factors. The first is a disturbed O 2 Hb dissociation rate in patients with high HbA 1c levels. It has indeed been shown in vitro that glycation of hemoglobin, at percentages that might be found in patients with diabetes (i.e., 8% HbA 1c ), reduces the kinetics of hemoglobin oxygen release by 10% compared with a 4% HbA 1c level (35) . The second factor is a reduced glucose metabolism and, hence, O 2 use in neurons. Although hyperinsulinemia within the normal physiologic range does not seem to affect glucose metabolism in several brain regions in healthy humans (36) and in patients with type 1 diabetes (14) , this is no more the case when insulin decreases under basal levels. Thus, in healthy subjects with somatostatininduced suppression of endogenous insulin, decreasing insulin from 27.1 6 1.3 to 3.5 6 0.4 mU z L 21 significantly impairs glucose metabolism in cortical areas (10) . In the current study, although free insulin levels were not lower in T1D-I patients compared with healthy control subjects, their higher plasma glucose levels despite comparable insulin levels at the end of exercise presumably illustrate a state of peripheral insulin resistance. Because the existence of central insulin resistance has been proposed (13), we could assume that insulin resistance in T1D-I patients might have impaired their prefrontal cortex glucose metabolism and O 2 consumption during exercise, hence partly blunting HHb increase. van Golen et al. (11) indeed observed a 21% reduced cerebral glucose metabolism in patients with type 1 diabetes compared with healthy control subjects at rest in a fasting state, and this despite higher ambient insulin and glucose levels. Ultimately, whether the likely compromised O 2 release and/or use in prefrontal cortex neurons observed in the current patients may impair the ability of the central nervous system to sustain motor output (37) remains to be elucidated. This is a particularly relevant question because an impaired physical fitness level represents a great barrier to physical activity observance in poorly controlled patients with type 1 diabetes (38).
Methodological Limitations
A persisting concern with NIRS is the extent to which light is contaminated by the extracranial tissues and particularly by scalp blood flow (39) . Further studies investigating both scalp and cortical blood flow would allow confirmation that the subtle hemodynamic and oxygenation disorders highlighted in the current study were mainly due to neurovascular factors in the prefrontal cortex. Of note, we took care to standardize several factors known to influence skin blood flow during exercise, such as the training state (subjects strictly matched on physical activity level), the thermoneutral environment, and the subjects' clothing. Besides, we acknowledge the fact that prefrontal cortex hemodynamic recordings not only reflect local exerciseinduced vasodilatory response but also may be influenced by other variables such as blood pressure (6) . Unfortunately, the latter was not measured in the current study. Further studies interrogating a cortical region not involved in motor planning or function (e.g., the occipital region) in addition to the prefrontal region would help to distinguish between local and general influences.
Ultimately, for a real partition of the respective impact of chronic and acute metabolic control on exercise cerebral hemodynamics, further studies using clamp methodology, varying glycemia and insulinemia levels in a standardized way, would be required. Compared with the clamp methodology, which imposes an isometabolic state, the current study nonetheless presents the advantage of investigating patients in a real-life situation under normal daily conditions of ambient glucose and insulin levels. Patients with type 1 diabetes are indeed prone to higher and, more importantly, fluctuating glucose and insulin levels.
In summary, the physiological stimulus of maximal exercise highlights subclinical disorders of both hemodynamic and neuronal oxygenation in the prefrontal cortex of poorly controlled patients with type 1 diabetes who were otherwise free from clinical microangiopathy. These disorders might be the consequences of hyperglycemia-induced endothelial dysfunction and of an increased O 2 affinity accompanying hemoglobin glycation and/or an impaired cerebral glucose metabolism. Of note, maximal exercise coupled with local cerebral hemodynamic measurements may represent a promising noninvasive method, which would presumably be better received than a pharmacological one, for detecting and following subtle cerebrovascular reactivity impairments in type 1 diabetes.
The challenge in diabetes care is to optimize metabolic control to slow the progression of vascular disease. This may be achieved, at least in part, by regular physical activity. One way of motivating patients to be active is by prescribing exercises of various intensities. However, the current study aroused the possibility of exposure to cerebral hypoperfusion during intense exercise in patients with type 1 diabetes, and this even in the early stages of disease development (i.e., before the clinical recognition of microvascular complications). Although the positive long-term effects of exercise on the brain are becoming widely acknowledged in nondiabetic populations, further prospective studies are needed in poorly controlled patients with type 1 diabetes to check whether long-term intensive exercise training would not portend an increased risk for cognitive decline.
